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The past few years have witnessed increased attention to the quest for Majorana-like excitations in the con-
densed matter community. As a promising candidate in this race, the one-dimensional chiral Majorana edge
mode (CMEM) in topological insulator-superconductor heterostructures has gathered renewed interests during
recent months after an experimental breakthrough. In this paper, we study the quantum transport of topological
insulator-superconductor hybrid devices subject to light-matter interaction or general time-periodic modulation.
We report half-integer quantized conductance plateaus at 12
e2
h and
3
2
e2
h upon applying the so-called sum rule
in the theory of quantum transport in Floquet topological matter. In particular, in a photoinduced topological
superconductor sandwiched between two Floquet Chern insulators, it is found that for each Floquet sideband,
the CMEM admits equal probability for normal transmission and local Andreev reflection over a wide range
of parameter regimes, yielding half-integer quantized plateaus that resist static and time-periodic disorder. The
3
2
e2
h plateau has not yet been computationally or experimentally observed in any other superconducting system,
and indicates the possibility to simultaneously create and manipulate multiple pairs of CMEMs by light. The
robust and half-quantized conductance plateaus, due to CMEMs at quasienergies zero or half the driving fre-
quency, are both fascinating and subtle because they only emerge after a summation over contributions from all
Floquet sidebands. Such a distinctive transport signature can thus serve as a hallmark of photoinduced CMEMs
in topological insulator-superconductor junctions.
I. INTRODUCTION
The search for excitations with Majorana-like properties in
solid state systems is an active ongoing research topic1–5. A
vast majority of efforts focuses on zero-dimensional Majo-
rana bound states (MBS) at the ends of proximitized semi-
conductor nanowires6–13 or magnetic atom chains on super-
conductor substrates14–19. Another candidate in the race is the
one-dimensional chiral Majorana edge modes (CMEM) on the
surface of topological insulators20,21 (TI). Recently, transport
measurements22 have been carried out in quantum anoma-
lous Hall insulators (QAHI) proximitized by s-wave super-
conductor. Half-quantized conductance plateaus were identi-
fied and interpreted as the signature of the existence of a pair
of CMEM, a conclusion which has sparked vivid debates23–25
and inspired a number of stimulating follow-up studies26–32.
Such intense attention is not unwarranted for: Majorana
zero modes hold promising prospects for topological quantum
computation33,34 (TQC), and their discovery should demon-
strate the ability of table-top experiments in simulating fun-
damental particles not yet found in nature35. With such far-
reaching impacts, the pursuit of Majorana fermions naturally
spans beyond the realm of solid state materials. Be it on cold
atom systems36–38 or photonic lattices39,40, proposals towards
the realizations of Majorana fermions are regularly put for-
ward.
A recurring theme among these approaches is the manip-
ulation of electromagnetic waves41. Indeed, the revelation
that light can interact with matter and give rise to nontriv-
ial Floquet-Bloch states42 has propelled our understanding of
topological phases43–45 and opened up a new avenue in the
conception of novel topological matter46. From the surge
of research activities emerges the field of Floquet topologi-
cal phases47–49, and rightfully so: Not only do they exhibit
unusual bulk-edge correspondence50,51, the tunability of pe-
riodic driving fields also allows the generation of intriguing
phases with large topological invariants52–57. Of course, inge-
nious engineering finds its way also in non-photonic settings.
Concepts of Floquet topological phases have since been ex-
tended to mechanical lattices58,59 and proposed in electrical
circuits60.
In the context of superconductors, Floquet systems have
an additional bonus: Because of the torus topology of
the Floquet-Brillouin zone, there is no distinction between
quasienergies  = ±~Ω/2 ( Ω being the frequency of a pe-
riodic drive). Thus zero energy no longer reigns supreme,
because excitations γ obeying the Majorana condition (γ† =
γ)61–64 can now be sought at quasienergy  = ±~Ω/2 as well.
In the literature, most studies concentrated on dissecting the
topological features52,65–69, while the transport properties of
driven one-dimensional systems hosting MBS have also been
investigated70–72. However, studies on the quantum transport
of two-dimensional Floquet topological superconductors73 are
still scarce, not to mention the possible quantization signature
of CMEMs.
Motivated by the importance of active manipulation of
CMEMs, as well as the fascinating interplay between light-
matter interaction and topology, we investigate the possibil-
ity of creating Floquet CMEMs in hybrid topological de-
vices, which consist of a Floquet topological superconduc-
tor (FTSC) sandwiched between two Floquet Chern insulators
(FlCI). We focus on the transport signature by computation-
ally studying the longitudinal DC conductance. We discover
conductance plateaus over wide ranges and diverse choices of
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2parameters at 12
e2
h and
3
2
e2
h upon invoking the so-called Flo-
quet sum rule70, for CMEMs at quasienergy zero or ±~Ω/2.
It is found that if there is a conductance plateau, then for all
Floquet sidebands, the normal and Andreev processes always
share equal probabilities. Therefore, it can be asserted that the
property of CMEMs being equal superpositions of electrons
and holes74 extends to all Floquet sidebands. Consequently,
in a FlCI-FTSC junction, for each individual Floquet side-
band, the incoming chiral fermion from FlCI splits into two
CMEMs, one propagating along the FTSC-vacuum interface,
and the other along the FlCI-FTSC domain wall.
The half-quantized conductance plateaus discovered in this
work are found to be robust against static and time-periodic
disorder. They are rather subtle because they emerge only af-
ter summing over contributions from all Floquet sidebands.
They can thus serve as a hallmark of photoinduced CMEMs in
topological insulator-superconductor junctions. In particular,
the conductance plateau at 32
e2
h marks the existence of more
than a single pair of CMEMs, indicating a possible way to si-
multaneously create and manipulate multiple pairs of CMEMs
by light. We note that the 32
e2
h conductance plateaus have not
yet been computationally or experimentally observed in any
other superconducting system. In passing, we also elaborate
on a few other aspects of transport in Floquet topological junc-
tions. For example, we show that in general the Chern num-
bers of FTSC and FlCI in a hybrid junction cannot be used
to predict whether CMEMs manifest as half-quantized con-
ductance plateaus. These results offer more insights into the
pursuit of Majorana fermions and contribute to the general un-
derstanding of transport in Floquet hybrid devices.
This paper is structured as follows. In Sec. II, we pro-
pose system Hamiltonians and driving protocols modeling
certain time-periodic modulation such as light-matter inter-
action. Various junctions consisting of FlCI and FTSC are
thus constructed. In Sec. III, we briefly describe technical de-
tails regarding how DC conductance is calculated throughout
this work. Section IV presents our main findings on conduc-
tance plateaus with detailed supporting results, including the
effects of disorder. In Sec. V, we elaborate on several aspects
of quantum transport in Floquet topological hybrid devices.
Section VI summarizes this work.
II. MODEL
We study the two-terminal quantum transport of hybrid
structures consisting of a superconductor sandwiched be-
tween two non-superconducting matter attached to two metal-
lic leads. The entire sample is periodically driven at the same
fundamental frequency Ω, such that Floquet theory applies.
The driving fields may or may not be homogeneous through-
out the sample. The central superconducting region is de-
scribed by a Hamiltonian hC , proximitized by an s-wave su-
perconductor of pairing strength ∆. Therefore, within the
Bogoliubov-de Gennes (BdG) formalism75, the left/ right and
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lead
FIG. 1. Schematic of the model studied in this paper. The sample
is composed of a Floquet topological superconductor, sandwiched
between two Floquet Chern insulators, which are attached to two
leads.
central Hamiltonians read:
HL/R(k) =
[
hL/R(k)
−h∗L/R(−k)
]
,HC(k) =
[
hC(k) −i∆σy
i∆σy −h∗C(−k)
]
,
(1)
where σx,y,z are the Pauli matrices in sublattice or spin space.
A. Static Hamiltonians
To illustrate the general idea, we choose either the
Haldane76 or the Qi-Wu-Zhang (QWZ) model77 as the base
systems, on which we add superconductivity and periodic
drives. We write the Hamiltonians in momentum space, but
in actual calculations we always work with open boundary
conditions.
1. Haldane model
The Haldane model describes electrons on a honeycomb
lattice with broken time reversal symmetry. As the first pro-
posal for quantum anomalous Hall effect, it was recently real-
ized by ultracold fermions in an optical lattice78. Its Hamilto-
nian reads hC(k) = f (k) · σ, where:
fx(k) = t1[1 + cos(k · a1) + cos(k · a2)],
fy(k) = t1[sin(k · a1) + sin(k · a2)],
fz(k) = 2t2 sin Φ
{
sin(k · a1) − sin(k · a2) − sin[k · (a1 − a2)]}.
(2)
Here, t1,2 are the first and second neighbor hopping parame-
ters, Φ is a phase factor, a1 =
√
3xˆ, a2 = (
√
3xˆ + 3yˆ)/2 are
the primitive vectors of honeycomb lattice with zigzag edge,
a geometry chosen for convenience.
2. Qi-Wu-Zhang model
The QWZ model is a two-band model that captures the
essence of Chern insulators (CI). Physically, it describes half
of the Bernevig-Hughes-Zhang model for quantum spin Hall
3effect in CdTe/HgTe heterostructure79. With this choice, the
static Hamiltonians read:
hC(k) = A sin k1σx + A sin k2σy +
[
m + 4B(cos k1 + cos k2)
]
σz,
(3)
where m, A, B are tunable material parameters.
B. Periodic drives
The effect of driving fields amounts to adding a periodic
time dependence on the above Hamiltonians. In this paper, we
discuss two types of protocols: continuous drive and periodic
quenches.
1. Continuous driving field
For continuously driven models, the Hamiltonians are mod-
ified by Peierls’ substitution, k 7→ k + eA(t), where −e < 0
is the electron charge, A(t) is the vector potential. On hon-
eycomb lattices, we take the driving fields to be of the form
A(t) = A
[
sin(Ωt)a1 + sin(Ωt + φ)a2
]
, where φ is an angle
characterizing the rotating electromagnetic waves.
2. Periodic quenches
A quench is an abrupt transition of a physical system. It
is widely employed in experiments to study thermalization,
localization, and nonlinear dynamics43,52,53,55,80–83. When two
quenches are periodically alternated, one obtains a two-cycle
quench model, described by:
H(t) =
h(1), 0 < t < T1 mod T ,h(2), T1 < t < T1 + T2 mod T , (4)
where T = T1 + T2 = 2pi/Ω is the period. Physically,
periodic quenches of period T1 + T2 are driving fields con-
taining many different frequencies, commensurate with Ω =
2pi/(T1 + T2). This is evidenced by the Fourier series: H(t) =∑
k∈Z exp(ikΩt)hk, where
hk =

h(1)T1 + h(2)T2
T1 + T2
, k = 0,
1
kpi
[
h(1)e−i
ΩT1
2 sin kΩT12 + h
(2)e−i
Ω(T1+T2)
2 sin kΩT22
]
, k , 0.
(5)
Thus hypothetically one may envisage to implement approxi-
mate quenches using lights at frequencies commensurate with
each other.
In the following, we work with units such that e, ~ are unity.
III. METHOD
We apply the method of recursive Floquet-Green’s
function84, combined with the Floquet sum rule45,70,85,86 for
the calculations of DC conductance. For undriven samples
where superconductivity is present, one can show that if the
left (right) lead is set at bias VL/R = ±V/2, then the electrical
current flowing in the sample reads29,87–89:
I =
e
h
∫ ∞
−∞
dE
[
g(E) + gLAR(E)
][
f−V (E) − fV (E)], (6)
with the normal and local Andreev reflection coefficients
given by:
g(E) = Tr
[
GΓeRG
†ΓhL
]
,
gLAR(E) = Tr
[
GΓeRG
†ΓhR
]
,
(7)
where G = (E + iη−HBdG−ΣL−ΣR)−1 is the retarded Green’s
function, ΣL/R is the left/right self energy due to coupling with
metallic leads, Γe/hL/R = iP
e/h(ΣL/R −Σ†L/R) is the left/ right line-
width function in electron/hole, Pe/h = (1 ± τz)/2 is the elec-
tron/hole projector, τz is the Pauli matrix acting on Nambu
space, and fV (E) = {exp[β(E + eV)] + 1}−1 is the Fermi func-
tion at inverse temperature β. One can extract from Eq. (6)
a differential conductance by linearizing the Fermi function,
assuming a small bias V . For negligible temperature, at Fermi
energy EF, one obtains the longitudinal conductance as:
g(EF) =
e2
h
[
g(EF) + gLAR(EF)
]
. (8)
For periodically driven systems, the time-averaged DC con-
ductance for normal transmission reads90:
gDC(E) =
∑
k∈Z
Tr
[
Gk0(ΓeR)00G
†
0k(Γ
e
L)kk
]
, (9)
and analogously for the local Andreev reflection, where all
Green’s functions now are Floquet-Green’s functions91, satis-
fying, e.g.:
[(E + mΩ)δmk − (HBdG)mk − (ΣL +ΣR)mk]Gkn(E) = δmn, (10)
and the subscripts mean: (HBdG)mn = Ω2pi
∫ 2pi/Ω
0 dt exp[i(m −
n)Ωt]HBdG(t). Finally, to faithfully reflect the topology of Flo-
quet systems via transport calculations, a summation over dif-
ferent Floquet sidebands is performed, so that scattering chan-
nels at integer multiples of driving frequency away from the
Fermi energy of the incoming state may be taken into account,
as dictated by the Floquet sum rule45,70,85,86:
g¯(EF) =
∑
n∈Z
gn(EF), (11)
where gn(EF) = g(EF + n~Ω), valid for both normal and An-
dreev processes.
IV. RESULTS
A. Half-quantized plateau from two devices with mismatched
Chern numbers
We begin with the s-wave superconducting Qi-Wu-Zhang
(QWZ) model77, which was first studied in Refs.21,74. For a
4single CMEM to manifest as half-quantized conductance, an
important topological prerequisite is that one must have Chern
numbers C = 1 and N = 1 for the two layers of Chern insula-
tors and the topological superconductor in the middle respec-
tively. This is because forN = 2, the incoming chiral ordinary
fermion travels unimpeded74, whereas if N = 0, then it gets
completely reflected92.
Suppose now we periodically quench two devices with mis-
matched Chern numbers: C = 1,N = 2, and C = −1,N = −2.
With two additional parameters, i.e. the quench durations
T1,2, the resultant device can explore a much larger topolog-
ical phase diagram. In particular, with a judicious choice of
T1,2, the Floquet junction realizes a single chiral fermion at the
FlCIs [Fig. 2(a)] and a single CMEM at the FTSC [Fig. 2(b)].
Hence, we perform DC conductance calculations at EF =
0 by tuning the quench durations T1 [Fig. 2(c)] and T2
[Fig. 2(d)]. We observe that the individual sidebands for both
normal transmission and local Andreev reflection (gn, gLARn )
vary, but their sums (g¯, g¯LAR) form plateaus of 1/4, resulting
in DC longitudinal plateaus of 1/2.
B. Photoinduced CMEM in graphene hybrid structure
In the previous example, the two pre-quench junctions can
actually realize a single pair of CMEM21 with other choices
of parameters. A natural question to ask is thus: In a de-
vice where the existence of CMEM is forbidden by symme-
try, can periodic driving fields lift this restriction? Inspired
by Ref.47, here we answer this question affirmatively by con-
sidering the dynamical generation of a single Floquet CMEM
from a normal-superconducting graphene hybrid structure.
Thus we take t2 = 0, so that Eq. (2) simply describes a
graphene with nearest-neighbor hopping. The static device
now consists of a graphene ribbon, where the center is proxim-
itized by s-wave superconductor. Once periodic driving fields
with appropriate parameters are added, we observe a C = 1
FlCI [Fig.3(a)] and N = 1 FTSC [Fig.3(b)].
Knowing that our Floquet device may yield a single FlCI
fermion and a single CMEM at one edge of the system, we
proceed to probe the DC transport.
In Fig.3(c), the DC conductance is calculated as a function
of the polarization angle at the FlCIs. We observe that within
[0, pi], almost all angles, except those at the boundary values
0, pi, yield half-quantized DC conductance. This is because for
φFlCI = 0, pi, the light is linearly polarized and does not break
time-reversal symmetry47. Next, we vary frequency and find
that beyond a critical value [near Ω = 3 in Fig.3(d)], one al-
ways obtains 1/4 normal transmission and local Andreev re-
flection. In fact, extrapolating to the high-frequency regime
and performing a Magnus expansion47, it is expected that one
can always gap the normal-superconducting graphene to gen-
erate a chiral regular fermion and a CMEM, except that the ±1
Floquet sideband contributions tend to zero asymptotically as
Ω increases.
C. Higher half-quantized plateaus from a driven Haldane
model
As alluded to, Floquet systems boast a wide range of phases
with large topological invariants52–57. This feature is all
the more appealing for the transport signature of CMEMs:
While alternative mechanisms may explain half-quantized
plateaus23,24, it is unlikely that these mechanisms, of static
origin, are able to induce higher half-quantized plateaus from
models with minimal number of bands. In addition, for the
purpose of TQC, a larger number of MZMs allows more
qubits to be encoded.
Therefore, we investigate the transport signature of devices
harboring more than one CMEMs. To look for such phases,
we choose the Haldane model with s-wave pairing potential,
described by Eqs. (1) and (2). Experimentally, by means of
ultracold fermionic gases, the former was realized using 40K
atoms modulated in time78, the latter via 6Li hyperfine state
pairs close to Feshbach resonance93. The left and right parts
are given by the Haldane model without s-wave pairing, and
the entire device is irradiated by elliptically polarized light.
We now discuss the anticipated transport behavior when
several CMEMs are present. For the case of a single CMEM,
the splitting of a chiral ordinary fermion into two CMEMs
(see Sec. V B or Refs.74,94) is a major reason behind its half-
quantized conductance. Now suppose the device hosts 2n + 1
chiral ordinary edge modes and 2n + 1 CMEMs, with n > 0.
Guided by Occam’s razor, an immediate intuition is that each
of the 2n+1 incoming chiral modes will undergo its own split-
ting, giving rise to 1/4 local Andreev reflection and normal
transmission each, so that the conductance will be given by
(2n + 1)/2.
To verify our insight above, considering that the next en-
try in the hierarchy of half-quantized conductance is 3/2, we
seek phases with three edge modes in both the FlCIs and the
FTSC. An example is given in Figs. 4(a-b), where the three
chiral edge modes of interest occur at the central Floquet gaps.
Then, we compute the DC conductance at EF = 0 by varying
the light intensity at the FlCIs [Fig. 4(c)] and the polariza-
tion angle at the FTSC [Fig. 4(d)]. In Fig. 4(c), the n = ±1
sidebands already constitute plateaus, with the n = 0,±2 side-
bands drifting not too far away from their respective values.
In Fig. 4(d), all sidebands form non-quantized plateaus them-
selves. While the exact conductance values may not bear any
discernible feature, the sidebands again always have equal
normal transmission and local Andreev reflection. Further-
more, when they are summed over, we obtain 3/4 plateaus
(g¯, g¯LAR), which in turns yield 3/2 for the total longitudi-
nal DC conductance. This result strongly supports our ear-
lier intuition that for multiple incoming chiral fermions, if the
FTSC permits formation of CMEMs with the same number
and chiralities, then equal scattering processes for each in-
coming mode is favored, and higher half-quantized plateaus
ensue.
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FIG. 2. Top panel: Spectra of (a): FlCI, (b): FTSC. Middle panel: DC conductance at EF = 0 as the quench durations (c) T1 and (d) T2
vary. Bottom panel (e): Legends of plots for (c) and (d). Parameters of the two quenches: m = (−2.1, 1.6), A = (1,−1), B = (1,−1),∆ =
(1.6,−1.4),T1 = 1,T2 = 1.5, applicable to both (a) and (b) except the pairing ∆ which is present only at the FTSC (b).
D. pi Floquet CMEMs and their transport
With a glimpse of the transport properties of multiple
CMEMs, we are now ready to address the case of CMEMs
that can only exist in Floquet topological phases, namely,
those crossing  = ~Ω/2 in Floquet spectra. Because
quasienergies ±~Ω/2 correspond to eigenphases ±pi, they are
also known as Floquet pi modes95. Many peculiar features
of Floquet systems owe their existences to these pi modes,
such as non-adiabatic quantized pump51, novel bulk-edge
correspondence96, band holonomy97, etc. In the quest for Ma-
jorana fermions, the fact that quasienergies ±~Ω/2 are identi-
cal implies a larger search space for their realizations. While
this is generally recognized52,66,98, studies on their transport
signature are scarce70.
To look for Floquet pi modes, we consider a quenched Hal-
dane model with third-neighbor hoppings by adding an extra
term to Eq. (2): h(k) 7→ h(k) + V(k), where:
V(k) = t3{2 cos[k · (a1 − a2)] + cos[k · (a1 + a2)]}σx
+ t3 sin[k · (a1 + a2)]σy. (12)
Then, we periodically quench the parameters Φ, t3 to obtain
Floquet spectra as illustrated in Figs. 5(a-b), where the gaps
at  = ±~Ω/2 harbor three pi modes for both the FlCIs and the
FTSC.
Thus, we study the DC conductance at EF = ~Ω/2, as
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FIG. 3. Top panel: Spectra of (a): FlCI, (b): FTSC. Middle panel: DC conductance at EF = 0, as functions of the (c) polarization angle at FlCIs,
φFlCI and the (d): drive frequency Ω. Bottom panel (e): Legends of plots (c) and (d). Parameters: (a): t1 = 1, A = 1.25,Ω = 3.4, φ = 0.9pi, (b):
t1 = 1,∆ = 0.5, A = 1.9,Ω = 3.4, φ = pi/2.
functions of quench durations T1,2. The explanation for 32
e2
h
DC conductance in Sec.IV C carries over, because both the
number and chirality of the incoming FlCI chiral fermions
and CMEMs are the same, and  = ~Ω/2 is degenerate with
 = −~Ω/2.
Notice however that for Floquet CMEMs at  = 0, the side-
band contributions are symmetrically distributed around a sin-
gle n = 0 sideband, so that there is an odd number of dominant
sidebands [n = ±1 around n = 0 in Figs.3-4(c-d)]. On the con-
trary, for the  = ~Ω/2 CMEM, the non-negligible sidebands
are distributed around a twin central sidebands [n = −1, 0 in
Fig.5(c-d)], i.e. there is an even number of dominant side-
bands. This observation is consistent with previously-reported
results in Floquet quantum Hall insulators84, and may serve as
a telltale sign of distinguishing pi and zero CMEMs in Floquet
systems.
Our example for Floquet pi CMEMs also illustrates an-
other distinctive feature of Floquet topological phases. For
static junctions, by the bulk-edge correspondence, it may be
possible99 to deduce the transport signature from the band
Chern numbers of the CIs and TSC74. Consider now the pa-
rameters for the Floquet device as described in the caption
of Fig. 5, which yields the following Floquet-Chern num-
bers: C = 2 for the FlCIs, and N = 4 for the FTSC. If it
were a static system, the longitudinal conductance could be
2e2
h , due to transmission alone, without normal nor crossed
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FIG. 4. Top panel: Spectra of (a): FlCI, (b): FTSC. Middle panel: DC conductance at EF = 0 as functions of the (c): light intensity at the FlCIs
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Andreev reflection. As discussed, there actually are three
Floquet chiral ordinary fermions and CMEMs, which yield
higher half-integer DC conductance of 32
e2
h . This is because
the quasienergy is defined modulo drive frequency:  = 
mod ~Ω, so that it is possible for edge states to wind across
the Floquet-Brillouin zone44, implying that the Floquet-Chern
number is no longer in direct correspondence with the number
of chiral edge modes. Hence, in the study of Floquet junc-
tions, one should use topological invariants based on Floquet
gaps44 which reflect more closely the number of edge modes.
E. Disorder
In the first TI-based experimental realization of CMEM22,
half-quantized plateaus were observed during sweeps of mag-
netic field. While this induces topological phase transitions
for a single CMEM94 to emerge, it also generates many mag-
netic domains23–26, resulting in a highly-disordered sample.
Hence, based on the theory of percolation transition, several
authors have proposed alternative mechanisms23,24 that can
give rise to half-quantized conductance in QAHI-TSC-QAHI
heterostructures without CMEMs.
Considering the prominent roles that disorder may play,
here we ask whether the higher half-quantized plateaus due to
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multiple Floquet CMEMs can survive disorder. To that end,
we model disorders as random onsite potentials, uniform in
spin or sublattice space, and distributed uniformly in [−W,W].
We consider disordered samples from Secs.IV C,IV D, and
compute the DC conductance for different Floquet sidebands
at F = 0. In Floquet systems, one may incorporate the effect
of time-dependent disorder, provided the time dependence is
periodic at the same fundamental frequency of the driving
field.
We observe the topological protection of the 1/4 splitting
of the three Floquet CMEMs against disorder of size ≈ 0.4
the superconducting gap in Fig. 4(b). Interestingly, for static
disorder, the 3/4 plateaus for both normal transmission and
local Andreev reflection are robust at each realization. On
the other hand, the system appears to be less resistant against
time-periodic disorder, since it is only after averaging that the
3/4 plateaus remain stable.
Next, we probe the robustness of the pi Floquet CMEMs
Sec.IV D. For the sake of comparison, we similarly choose
a disorder strength ≈ 0.4 the size of the ±pi Floquet gap in
spectrum 5(b). Remarkably, the robustness against disorder is
swapped as compared with the zero modes considered previ-
ously. More precisely, the pi Floquet modes are more robust
to time-periodic disorder, less so to static disorder, whereas
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for the zero CMEMs it is the reverse. In total, the pi CMEMs
from Sec.IV D are more resistant against disorder compared
with their zero analogs from Sec.IV C, since the errorbars are
magnified by 10 and 3 times respectively [Figs.7,6].
V. DISCUSSIONS
A. On chiral Majorana edge modes
Several authors23,33,34 have cautioned against the misuse of
terminologies such as “Majorana zero modes” and “Majorana
fermions”. Thus we deem it necessary to explain in what
context we are referring to the edge states in our systems as
CMEMs.
By definition, superconductors always preserve the
particle-hole symmetry, so that in two dimension with mixed
boundary condition, eigenstates Ψk at energy Ek always have
charge-conjugation partners CΨ∗−k at energy E−k
61,64,75, where
C = C∗ = C−1 is the unitary part of the particle-hole sym-
metry. Thus, if the superconductor is gapped and yields zero
or pi quasienergy solutions Ψk, one may construct an eigen-
state Ψ˜k = Ψk + CΨ∗−k which obeys the Majorana condition
CΨ˜−k = Ψ˜k. It is in this regard that we refer to the gapless
modes in the FTSC spectra [Figs.3-5(b)] as CMEMs.
B. Origin of half-quantized conductance
Quasiparticles with Majorana property are charge
neutral63,64, and one may wonder how can any electrical
conductance demonstrate the existence of such excitations.
Indeed, the observation of half-quantized conductance in
Ref.22 relies not on “Majorana current”, but the following
facts74,94: (i) domain wall forms as CMEM between a C = 1
QAHI and aN = 1 TSC, and (ii) a CMEM is an equal-weight
superposition of electron and hole. Therefore, an incoming
chiral regular fermion from the QAHI can be scattered into
two CMEMs: γa on the interface between the QAHI and the
TSC, or γb on the interface between the TSC and vacuum.
Now, γa corresponds to normal reflection and local Andreev
reflection, whereas γb corresponds to normal transmission
and crossed Andreev reflection. These processes must occur
with equal probabilities (= 1/4), because γa,b being Majorana
fermions, are linear combinations of electron and hole with
equal weights.
Next, working within the Anantram-Datta generalization100
of the Landauer-Bu¨ttiker formalism101, we model the sam-
ple as a three-terminal device, the three terminals being left,
right, and superconductor, at voltages VL,VR,Vsc respectively.
If the following conditions are met: (i) the superconductor
is grounded, Vsc = 0, (ii) the left and right leads are bi-
ased symmetrically, VL = −VR, and (iii) all normal and An-
dreev processes have equal probabilities, then one can show
that74, no current flows in or out the superconductor, and the
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only current flowing in the device is between the leads, with
IL = −IR = e2VL/h. In this case, the longitudinal conductance
gLR = IL/(VL − VR) yields the half-integer 12 e
2
h .
This justifies using the two-lead setting as discussed in
Sec. III to study the transport of such a device: Eq. (6) is
left-right symmetric, namely, the current leaving the left lead
equals the current entering the right lead. Thus even if there
is superconductivity in the sample, it draws no current, so that
we are exactly in the configuration as described in the previ-
ous paragraph, and the conductance in Eq. 8 is equivalent to
the one used in Refs.74,94.
Importantly, Eq. (6) has the advantage that the normal trans-
mission g and local Andreev reflection gLAR can be calculated
separately. In fact, even the crossed Andreev reflection gCAR
can be computed. Hence, at least numerically, when conduc-
tance of 12
e2
h are found, one can inspect these scattering coef-
ficients individually and substantiate the claim that CMEMs
give rise to equal probability in all scattering processes, if all
three of g, gLAR and gCAR are given by 1/4. This is indeed
what we find, but in order not to encumber the already satu-
rated figures, we do not display any results for gCAR.
The picture of an incoming chiral regular fermion splitting
into two CMEMs74,94 can then be generalized to the case of
multiple edge modes. For Floquet systems, on top of this there
is an additional Floquet replication in the frequency space, be-
cause the periodic driving fields scatter the modes into differ-
ent Floquet sidebands85. A schematic is given in Fig. 8. If
transport measurements involving summations over Floquet
sidebands are performed, the stringent requirement that each
sideband has equal scattering processes [Figs. 3–5(c-d)] can
likely rule out alternative mechanisms23,24 for the observation
of half-quantized DC conductance.
C. Perspectives on DC transport in Floquet hybrid device
When studying transport in heterostructures consisting of
different Floquet topological matter, a critical requirement is
that the device must be driven in its entirety. We shall take
the FlCI-FTSC-FlCI junction to illustrate this point. If instead
of FlCIs, we have static QAHIs (or CIs) on the two sides,
then either (i) they serve as leads, or (ii) they are parts of the
sample that connect to metallic leads. For case (i), since the
QAHIs only have a finite gap, the portions of DC conduc-
tance scattered to n , 0 Floquet sidebands cannot be salvaged
by the Floquet sum rule, unless the gap is much larger than
the drive frequency84. However, this would imply a large
hopping mismatch between the QAHI leads and the FTSC
sample which inhibits transport. Consider now case (ii). If
the QAHIs are part of the sample, which contains a driven
TSC, then Floquet theory demands that the QAHIs be treated
as being trivially driven, i.e. they form identical copies in
the Floquet space that do not couple with each other. Nev-
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FIG. 8. Three incoming Floquet chiral fermions (solid arrows)
split into three Floquet CMEMs along the FlCI-FTSC domain wall
(dashed arrows) and three Floquet CMEMs along the FTSC-vacuum
interface (dotted arrows). On top of this, the periodic drives scatter
these modes into different Floquet sidebands (n = . . . ,−1, 0, 1, . . . ),
corresponding to energies EF + n~Ω at quasienergy F = EF.
ertheless, the frequency term is nonzero (because the TSC is
driven), so there is an infinitude of possibilities (correspond-
ing to different frequencies) for the Floquet zone to be folded.
Therefore, unless the frequencies are sufficiently large for the
QAHIs to remain insulating after zone folding, one cannot ex-
pect the static topological features of the QAHIs to directly
carry over in presence of a driven TSC. Yet large frequencies
only slightly renormalize some system parameters (except for
gapless systems discussed in Sec. IV B), so that truly interest-
ing Floquet systems such as higher plateaus and pi modes will
not take place anyway.
VI. SUMMARY
In this work, we have investigated the two-terminal trans-
port of Floquet chiral Majorana fermions in several model
topological insulator-superconductor heterostructures. The
main finding is that upon invoking the Floquet sum rule, Flo-
quet CMEMs not only admit the intriguing 12
e2
h conductance
plateaus that are currently under extensive investigations23–25,
they can also yield conductance plateaus quantized at larger
half-integers. This study thus makes a computational observa-
tion of higher-than-1/2 conductance plateaus in hybrid topo-
logical junctions and demonstrates the possibility, at least in
principle, of creating multiple pairs of Floquet CMEMs in
FTSC. While alternative mechanisms not based on CMEMs
may also yield conductance plateaus at 12
e2
h
23,24, it is unlikely
that these mechanisms can produce higher half-quantized
plateaus upon a subtle sum rule from models with a mini-
mal number of bands. Other detailed results obtained in this
work can also guide future quantum transport studies of Flo-
quet topological devices. The finding that Floquet CMEMs
admit equal probabilities for normal transmission and local
Andreev reflection at all Floquet sidebands may serve as a
first test in experiments prior to observing the more challeng-
ing quantized plateaus.
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